In rice (Oryza sativa L.), yield is related to characteristics of branches and spikelets. To investigate the effects of late sowing date on differentiation and degeneration of spikelets in rice, field experiments were conducted in Chongzhou and Hanyuan, China. Differentiation and survival of branches and spikelets in Hanyuan were lower than that of Chongzhou, whereas degeneration was greater than that of Chongzhou. In Chongzhou, sowing date affected differentiation and survival of primary, secondary, and total branches, as well as differentiation and degeneration of secondary and total spikelets. In Hanyuan, sowing date affected degeneration of secondary and total branches, and the survival and degeneration of primary spikelets. Late-sown plants experienced higher temperatures in the jointing to heading period, and there were higher sunshine hours. Rainfall and humidity were higher in Chongzhou, but lower in Hanyuan. Late sowing increased differentiation, degeneration, and survival number of branches and spikelets in Chongzhou. However, in Hanyuan, late sowing increased differentiation and degeneration of branches, but decreased survival of branches, which reduced spikelet differentiation and degeneration, resulting in fewer branches. Thus, the key to higher yield in Chongzhou was to increase differentiation of spikelets, whereas in Hanyuan, it was to reduce degeneration of branches and spikelets.
Introduction
As one of the three major global cereal crops, rice (Oryza sativa L.) is the most important and oldest food species in the genus Oryza. Nearly half of the world's population, including most people living in East and Southeast Asia, eat rice as a daily staple [1] . According to the UN, the world's population will reach 9.6 billion by 2050. If global population growth continues at its current rate without any change in food productivity and dietary preferences, there will be severe food shortages [2] [3] . China is a large agricultural country with a large population. With the growth of the population, China will need to produce about 20% more rice by 2030 in order to meet its domestic needs if rice consumption per capita stays at the current level [4] . Therefore, increasing rice yield per unit area is a priority.
A complex correlation exists between rice grain yield, the number of panicles, spikelets per panicle, spikelet filling efficiency, and 1000-grain weight [5] [6] .
The number of spikelets per panicle is an important factor in the final grain yield. Degeneration of the rice panicle leads to a reduction of grains per plant, which seriously affects the yield outcome in rice [7] . Choice of cultivar [8] , fertilizer management [9] , environmental conditions [10] [11] , and cultural practices [12] all affect spikelet differentiation and degeneration. Differences exist in the characteristics of branches and spikelets when different planting methods are used [13] . Zhang et al. [14] found that differentiated spikelet number per panicle in higher order panicles, which had relatively larger panicles, was much larger at low planting density than at high planting density, although differentiated spikelet number per panicle in lower order panicles was similar in both planting densities.
Sowing date is one of the most important factors influencing grain yield of crops where growth duration is important. Xu [15] found that with delayed sowing date, rice plants experienced higher daily average temperature, the growth period was shortened (notably, the vegetative growth period), the number of grains per panicle decreased, and yield decreased. Pal et al. [16] showed that as sowing date was postponed, nitrogen accumulation and translocation, and dry matter accumulation decreased. Bashir et al. [17] showed that with the postponement of sowing date, the growth and decline of tillers in the population was uneven. Sowing time affected the differentiation and degeneration of rice spikelets and branches in an indica-japonica rice hybrid; early sowing reduced degeneration of spikelets, and thereby increased yield [18] . However, delayed sowing time has become a common phenomenon in rice production because of double-cropping and mechanized planting and transplanting in areas such as the Sichuan basin [19] . In this region, indica rice is the main type grown. The effects of delayed sowing on spikelet production of indica rice are unclear, and further research is needed.
The aim of this research was to investigate the effects of delayed sowing dates on various yield parameters in indica rice grown under different ecological conditions. Experimental parameters consisted of two different sowing dates and four indica rice varieties. Experiments were conducted at two sites experiencing different ecological conditions. The objectives of this study were to: 1) analyze the characteristics of spikelets at the two sites; 2) explore the effect of sowing date on the differentiation and degeneration of spikelets of different varieties; and 3) to determine the underlying causes for reduced differentiation and degeneration of spikelets. Finally, we discuss recommendations for improving cultivation conditions for indica rice.
Materials and Methods

Study Sites and Plants
The field experiments were conducted at Chongzhou (30˚33'N, 103˚38'E) and Hanyuan (29˚29'N, 102˚37'E), Sichuan, China, in 2017. The meteorological conditions from sowing to harvest of the experimental sites were recorded ( Figure  1 ). Topsoil characteristics of the study sites were determined ( 
Experimental Design
Experiments were conducted using a split-plot experimental design of two factors with three replications. The main area factor was sowing date (S). There were two sowing dates: normal sowing date (S1) and late sowing date (S2). The sowing dates were April 3 rd and May 3 rd for S1 and S2 at Chongzhou, respectively, and March 30 th and April 29 th for S1 and S2 at Hanyuan, respectively. The sub-area factor was four cultivars/hybrids (V), which were Fyou-498 (V1), Yixiangyou-2115 (V2), Huanghuazhan (V3) and Guichao-II (V4). The dimensions of each plot were 3.6 m × 7 m. The 30-day-old seedlings were transplanted at a spacing of 30 cm × 20 cm with three plants per mound. The main plot was separated by low, 0.3 m-wide banks inserted into the soil to a depth of 0.3 m to avoid fertilizer and water channeling. Appropriate pesticides were used to control insects, diseases, and weeds. Water management was conducted using high-efficiency irrigation. Fertilizers used were urea for nitrogen (N), superphosphate for phosphate (P), and potassium chloride for potassium (K) at rates of 180 kg/ha, 90 kg/ha and 180 kg/ha, respectively. Nitrogen was split-applied: 75.6 kg/ha on basal, 32.4 kg/ha at mid-tillering, and 72.0 kg/ha at panicle initiation. Phosphate was applied at basal. Potassium was split equally at basal and panicle initiation.
Sampling and Measurement
Meteorological data in the test field, including daily average temperature, daily average maximum temperature, daily average minimum temperature, sunshine duration, humidity, and rainfall during the test period, were collected by an Agroforestry Microclimate Automatic Weather Station JZ-HB (Jinzhou Sunshine Meteorological Technology Co. Ltd. China). At the heading stage, three mounds were sampled from each sub-plot according to the average stem tiller method. Differentiation and degeneration of primary (secondary) branches and spikelets per panicle were counted. Spikelets directly attached at the primary branch were referred to as primary spikelets, and those directly attached at the secondary branch were referred to as secondary spikelets. The number of primary (secondary) branch (spikelet) differentiation was the sum of its survival and degeneration.
The methods described by Tian et al. [13] , Kato et al. [20] and Ansari et al. [21] Yield was measured at each plot (adjusted to a moisture content of 14% fresh weight). The day before harvest, the yield formations from each plot were determined by sampling five randomly-chosen mounds. Panicle-related data were recorded before threshing. Filled and unfilled spikelets were separated using a seed air separator CFY-II (Zhejiang Top Instrument Co. Ltd. China), before being counted and weighed to estimate spikelets per panicle, spikelet filling, and grain weight.
Data Analysis
Analysis of variance was performed using the SPSS 18.0 (SPSS Inc., Chicago, IL, USA). For the analysis, sowing date and variety were considered to be fixed effects, and the replicates were considered to be random effects. The least significant difference (LSD) test at the 0.05 level was used to determine the difference between the means of each treatment.
Results
Analysis of Meteorological Conditions
Accumulated temperatures, total rainfall and sunshine duration from transplanting to the heading stage of two sowing dates were recorded ( Table 2) . Compared to Chongzhou, decreases in the maximum and minimum temperature, humidity, and sunshine duration from transplanting to jointing of 9%, 2%, 6%, and 6%, respectively, occurred in Hanyuan. Similarly, decreases in these parameters from the jointing to heading stage were 10%, 12%, 21%, and 16%, respectively. Accumulated temperatures followed the same trend as total rainfall. Those in Chongzhou were lower than those in Hanyuan from transplanting to the jointing stage, while from jointing to heading stage, those in Chongzhou are Abbreviations: T-J: Transplanting-Jointing; J-H: Jointing-Heading.
higher than those in Hanyuan. Sowing date affected the meteorological conditions experienced by the plants. Compared to the normal sowing date, late sowing date leads to the increase of maximum and minimum temperatures at transplanting to jointing, and from jointing to heading stages at both sites. Sunshine duration followed the same trend. From the transplanting to jointing stage, late sowing date lead to a reduction in sunshine duration by 3% to 12% and 6% to 31%, respectively. From the jointing to heading stage, sunshine duration increased by 6% to 33% and 8 to 34%, respectively. With the exception of cultivar Fyou-498 at Chongzhou, late sowing date lead to an accumulated temperature decrease of 10% to 16% and 12 to 15% from transplanting to jointing stage, respectively, in the two sites. With the exception of cultivar Fyou-498 in Hanyuan, total rainfall decreased 9% to 23% and 9% to 13% from the transplanting to jointing stage, respectively, in the two sites. They increased 64% to 131% in Chongzhou but decreased from 9% to 38% in Hanyuan from the jointing to heading stages, respectively. For humidity, late sowing date lead to an increase of 3% to 4% and 5% to 8% from the transplanting to jointing stage in Chongzhou and Hanyuan, respectively, and lead to an increase of 2% to 3% from the transplanting to jointing stage in Chongzhou, and a decrease of 1% to 2% from the transplanting to jointing stage in Hanyuan.
Effects of Sowing Date on Differentiation and Degeneration of Branches
There were significant differences in the differentiation of branches between the two sites (Table 3) . At Chongzhou, the differentiated and surviving numbers of both primary and secondary branches were higher than those at Hanyuan, which contributed to increases of 16% and 11% in the differentiated and surviving numbers of total branches, respectively. The main effect and interaction of sowing date and cultivar on differentiation and degeneration characteristics of branches varied between the two sites. At Chongzhou, the significant effects of sowing date and cultivar was on numbers of surviving and differentiated primary, secondary, and total branches, as well as the retrograded numbers of secondary and total branches. Meanwhile, the interaction of sowing date and genotype (cultivar) had a significant influence only on the surviving and differentiated numbers of secondary and total branches. Compared to the normal sowing date, 2% to 5%, 1% to 5%, 11% to 31%, and 10% to 31% increases in the surviving and differentiated numbers of primary branches, and the retrograded numbers of secondary and total branches were observed in Chongzhou, respectively. With the exception of Yixiangyou-2115, late sowing date also significantly increased numbers of surviving and differentiated secondary and total branches at Chongzhou. Furthermore, even though late sowing date significantly increased degeneration of branches, it also promoted differentiation of branches, which contributed to the highest number of surviving branches in cultivar Fyou-498. At Hanyuan, the effect of genotype (cultivar) on differentiation and degeneration characteristics was significant. However, sowing date only had obvious effects on the degeneration and percentage of secondary branches, and the degeneration of total branches. Only significant interactions of sowing date and cultivar on the degeneration and percentage of secondary and total branches were recorded. Compared to the normal sowing date, with the exception of cultivar Yixiangyou-2115, late sowing date resulted in improvements of 4% to 24% and 3% to 19% in the retrogressed and retrograde secondary branches, respectively, leading to 3% to 24% increase in the degeneration of total branches at Hanyuan. These results indicated that late sowing date could improve branch differentiation at Chongzhou, but branches retrogressed at Hanyuan.
Effects of Sowing Date on Differentiation and Degeneration of Spikelets
It can be seen from Table 4 that survival and differentiation number of primary Q. P. Li et al. and secondary spikelets in Chongzhou were higher than those in Hanyuan, which contributed to the 21% and 17% increases in the differentiated and surviving numbers of total spikelets, respectively. The main effects and interactions of sowing date and cultivar on spikelet differentiation and degeneration were compared, and it was found that there were differences between the two sites. At Chongzhou, there was a significant effect of sowing date on the numbers of retrogressed and differentiated secondary and total spikelets. The effect of cultivar significantly influenced survival, differentia-tion, and degeneration of primary, secondary, and total spikelets. The interaction between sowing date and cultivar significantly influenced the surviving, differentiated, and retrograded numbers of secondary and total spikelets. Compared to the normal sowing date, 0.3% to 6%, 12% to 117%, and 11% to 97% increases in the differentiated numbers of primary spikelets, and the retrograded numbers of secondary and total spikelets were observed in Chongzhou, respectively. Consistent with the trend of branches in Chongzhou, with the exception of cultivar Yixiangyou-2115, late sowing date also significantly increased the numbers of surviving and differentiated secondary and total spikelets. Late sowing resulted in a decrease in spikelet differentiation and an increase in degeneration of cultivar Fyou-498, eventually resulted in the lowest number of surviving spikelets. The main effect of cultivar on differentiation and degeneration characteristics of spikelets was significant in Hanyuan. However, sowing date had obvious effects only on the survival, degeneration and percentages of primary spikelets. Significant interactions between sowing date and cultivar on survival and differentiation of primary spikelets were recorded. Compared to the normal sowing date, the later sowing date leads to decreases of 12% to 64% and 8% to 61% decrease in the degeneration and retrograded percentage of primary spikelets, respectively. With the exception of cultivar Yixiangyou-2115, late sowing date resulted in 4% to 26% and 1% to 16% improvement in the degeneration of secondary and total spikelets, respectively. With the exception of cultivar Guichao II, late sowing date leads to 1% to 6%, 2% to 5%, 1% to 6%, and 2% to 6% decreases in survival and differentiation of secondary and total spikelets, respectively. These results showed that late sowing could improve the differentiation and degeneration of total spikelets in Chongzhou but decreased the differentiation and survival of total spikelets in Hanyuan.
Relationship of Branch and Spikelet Characteristics to Climatic Factors
Correlation analysis showed that relationships between branch and spikelet traits with climatic factors varied at Chongzhou and Hanyuan. The degeneration and retrograded percentages of total and secondary spikelet numbers were significantly positively correlated with most climatic factors. At Chongzhou (Table  5) , the degeneration and retrograded percentage of secondary and total spikelets were significantly positively correlated with all climatic factors. The number of retrogressed and differentiated secondary branches was significantly positively correlated with the maximum temperature and average temperature. The number of retrogressive and differentiated total branches was also significantly positively correlated with the average temperature and temperature difference. At Hanyuan (Table 6) , the maximum temperature, average temperature, temperature difference and rainfall were significantly positively correlated with the retrograded percentage of secondary, total branches and secondary spikelets. In contrast, they were significantly negatively correlated with the degeneration and retrograded percentage of primary spikelets, the surviving and differentiated number of secondary and total spikelets. The minimum temperature, humidity and total rainfall showed a significant negative correlation with the retrograded percentage of total branches, secondary branch and spikelet, and significant positive correlation with the survivor and differentiation number of secondary and total spikelets, the degeneration and retrograded percentage of primary spikelet.
Relationship between Branch and Spikelet Characteristics with Yield and Yield Components
From the data presented in Table 7 , it can be seen that the branch and spikelet traits in Chongzhou correlated with yield and its components. The number of spikelets per panicle in Chongzhou was significantly positively correlated with the branch and spikelet traits. The effective panicles were significantly negatively correlated with the retrogressed and retrograded percentage of secondary and total spikelets. The thousand-grain weight was significantly negatively correlated with the survival, differentiation and degeneration of secondary and total branches, the rate of degeneration, and degeneration of primary spikelets. There was no significant correlation between the yield and degeneration of branches, but there was a significant positive correlation between the yield and the differentiation and survival of spikelets, which indicates that promoting differentiation of spikelets in Chongzhou is the key to increasing yield there. At Hanyuan, thousand-grain weight was significantly negatively correlated with branch and spikelet traits ( Table 8 ). There is a significant positive correlation between the effective panicles and the retrogressed and retrograded percentage of secondary and total branches and secondary and total spikelets. The number of spikelets per panicle was significantly positively correlated with the survival and differentiation of branches and spikelets. There was a negative correlation between the yield at Hanyuan and the retrogressed and retrograded percentage of secondary and total branches and spikelets. This indicates that the key to increasing yield is to reduce degeneration of spikelets and branches by ensuring the proper amount of spikelet differentiation under the ecological conditions present at Hanyuan. 
Discussion
With the decrease of cultivated land area, efficient use of cultivated land has become a priority focus of research. The planting pattern of the double-cropping system has effectively improved land utilization rate, but it delays the sowing date of rice [22] . There has been a lot of research done on the influence of climate change on rice growth stage caused by postponing sowing date [23] . Due to the difference between experimental sites and sowing time, results vary. When sowing date is delayed, accumulated temperature and sunshine duration for growth stages are significantly reduced [24] . Xing et al. [25] and Hadgu et al. [26] found that when the sowing date was delayed, the daily average temperature during the filling and setting period of rice decreased, the daily average temper-ature difference increased slightly, and the daily average sunshine duration showed a downward trend. The results of this study indicated that the effects of sowing date on climate varied depending on the site and ecological conditions. Sowing date can play a critical role in optimizing the use of environmental factors like temperature during crop growth to favorably influence yield and quality characteristics [27] . In this experiment, late sowing increased the daily maximum temperature, daily minimum temperature, and sunshine duration from the jointing to heading stage. Total rainfall and humidity in Chongzhou increased, while the total rainfall and humidity were decreased in Hanyuan ( Table 2) . Choice of sowing date will inevitably influence plant growth due to availability of different environmental factors such as temperature and light [17] . With a delay in rice sowing date, nitrogen accumulation and transportation, and dry matter accumulation decrease, resulting in a shorter growth period and a decrease in yield [15] [16] [28] . With a delay in sowing date, the vegetative growth period shortens, which leads to acceleration of the growth process from sowing to heading, and shortening of the growth days [29] . Delaying sowing also reduced plant height, leaf area, root biomass and tillering, and total biomass [30] [31] . It also influenced the duration of the differentiation of branch spikelets, thus affecting the formation of spikelets [29] . In the current study, plants sown late experienced an increased daily maximum temperature from the jointing to heading stages and increased the differentiation and degeneration of branches at both sites. Late sowing date increased differentiation and degeneration of spikelets in Chongzhou, whereas these effects decreased at Hanyuan. Correlation analysis revealed that degeneration and retrograded percentages of secondary and total spikelets in Chongzhou were significantly positively correlated with all meteorological factors. Retrograded percentage of primary spikelets, secondary spikelets, secondary and total branches in Hanyuan was significantly correlated with temperature, temperature difference, rainfall and humidity. Fu et al. [32] found that high temperatures decreased spikelet differentiation in rice. Our findings were similar, confirming that environmental changes influenced by sowing date affect differentiation and degeneration of spikelets and branches.
Yield is closely linked to number of spikelets per unit area, which varies with genotype and environment [33] . Decrease in the number of grains per panicle is the main factor reducing yield in rice that is sown late [34] . Late sowing, shortened the growth period of the plant which reduced the number of kernels per panicle compared to rice sown earlier, resulting in a decline in yields [17] [35] . In this experiment, the delay in sowing date resulted in a decrease in the differentiation of total spikelets in Hanyuan. This is in accordance with other research [18] , which found a delay of sowing date caused a significant decrease in total spikelets per panicle, especially the differentiation of the secondary spikelet. The delay of sowing date lead to an increase in differentiation of total spikelets in Chongzhou, and the differentiation of total branches per panicle at both sites increased significantly. The number of branches and spikelets per panicle not only depends on the number of differentiated branches and spikelets at the early differentiation stage, but also on the number of retrogressed branches and spikelets at the late differentiation stage [36] [37] . Late sowing led to a reduction in the number of degenerations of total branches and spikelets at both sites. This resulted in an increase in the survival number of total branches and spikelets in Chongzhou, but a decrease in Hanyuan.
Zhong et al. [38] pointed out that the differentiation and formation of panicle branches and spikelets related to index characters should be improved mainly through cultivar breeding, while the degeneration-related index characters of panicle branches and spikelets are likely to be optimized through improved cultivation conditions. We found that there was no significant correlation between the yield at Chongzhou and the differentiation and degeneration of branches, but there is a significant positive correlation between the yield and the differentiation and survival of spikelets ( Table 7) . The differentiation and survival of total branches and total spikelets at the late sowing date was highest, but the increase of rainfall in the late stage was not conducive to grain filling and development, which resulted in a decrease in grain yield. This indicates that the key to increasing yield at Chongzhou is to increase the differentiated number of spikelets. However, there is a negative correlation between the yield in Hanyuan and the degeneration of branches and spikelets, which indicates that on the basis of spikelet differentiation, reducing the degeneration of branches and spikelets is the key to yield increase. Therefore, selection of sowing time should consider that the period of grain filling should avoid the period of high temperatures, and high rainfall, so as to achieve the maximum yield.
Conclusion
The number of spikelets per panicle is one of the most important components of rice yield, and this component was significantly influenced by ecological conditions. Our study showed that differentiation and degeneration of rice were not only affected by ecological conditions, but also by sowing date. When sowing date was delayed, the differentiation of total spikelets in Hanyuan decreased, while in Chongzhou it increased, and the differentiation of total branches per spike at both sites increased significantly. The number of retrograde branches and spikelets in both Chongzhou and Hanyuan increased, resulting in an increase in the survival number of branches and spikelets in Chongzhou, but a decrease in Hanyuan. This indicates that the key to increasing yield at Chongzhou is to increase the differentiation number of spikelets, and for Hanyuan, reducing the degeneration of branches and spikelets is the key to yield increase.
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